INTRODUCTION
The movement of leukocytes has been associated with the presence of attracting substances since Leber (1) found evidence of a chemotactic agent in rabbit cornea previously irritated with dead staphylococci. He found that leukocytes moved in straight lines from all directions to the irritated area. Since these early experiments, technics have been refined and many substances have been reported to attract leukocytes, including, inter alia, bacteria (2) , histamine (3), polypeptides (4), starch (5) and sugars (6) .
Moreover, various distances of attraction have been reported. For example, staphylococci have been claimed to attract granulocytes from a distance as great as 1.0 mm. (7), while starch attracted granulocytes from a distance of 0.2 mm.
(8).
Leukocytes are prone to considerable variations under different physiological conditions. For example, narcotized cells do not exhibit chemotactic behavior. Moreover, some species of virulent bacteria when phagocytosed are capable of destroying the protoplasm of granulocytes (9) . Investigators of chemotaxis have emphasized the attracting substance, but have failed to consider the source and physiological status of the granulocytes. The study of chemotactic reactions of granulocytes under carefully controlled conditions should help toward the solution of the mechanisms involved in this phenomenon.
This work was undertaken for the purpose of studying chemotactic behavior of granulocytes obtained from animals maintained under controlled conditions. The neutrophilic granulocytes were the cells considered, but reference is sometimes made to them as leukocytes or white blood cells. 1 A dissertation in the Department of Biology submitted to the Faculty of the Graduate School of Arts and Science of the New York University in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 2 Present address: Northport Veterans Administration Hospital, Northport, New York.
MATERIAL AND METHODS
A. Material 1. Animals. Adult rats of the Wistar strain weighing between 250 to 350 g. were used throughout the experiments, except in instances where repetition of other investigators' procedures was necessary. The animals were kept in as uniform a condition as possible. In order to avoid undue excitement when being prepared for experiments, the rats were handled frequently. For the same reason, the males were separated from the females.
The diet for the fed animals consisted of Purina dog chow and a semiweekly supplement of fresh green vegetables. Some of the animals were unfed for 36 hours, and others for five to six days before experimentation. When animals were unfed for long periods, they were isolated to prevent cannibalism. Water The method used for studying the activity of granulocytes was a modified combination of the slide-cover-slip procedure used by McCutcheon (7) and the tissue-culture technic worked out by Meier (2) and by Chambers and Grand (6 Glass microcapillaries with an outside diameter of approximately 0.1 mm. were employed for the testing of plasma soluble substances on granulocyte movement. The procedure described for the use and preparation of microcapillaries by Chambers and Grand (6) was used.
In all experiments nonattracting, or indifferent, and attracting substances were included. Glycogen invariably attracted leukocytes while physiological saline produced no attraction. Therefore, these two substances were used as controls.
EXPERIMENTAL PROCEDURE AND RESULTS

A. Agglutination of Granulocytes in Peritoneal Fluid
The granulocytes were obtained from animals in three nutritional states: 1) well fed; 2) unfed for 36 hours; and 3) unfed for five to six days. The peritoneal fluid, ranging from 6 to 10 cc., was placed in sterile centrifuge tubes which were plugged with cotton and allowed to remain at room temperature. The changes that occurred in the suspension of granulocytes were the following:
1. Well-fed animals. No definite agglutination of granulocytes was noticed. After several hours most of the cells settled to the bottom of the tube in a loosely adherent state.
2. Animals unfed 36 hours. Definite tendency toward agglutination was noticed. Adhesion of one cell to another often occurred within 15 minutes. The cells massed into a cone shape, suspended in the center of the liquid medium. The entire mass could easily be removed from the tube and when two dissecting needles were used to separate pieces from the agglutinated mass, it was found that the cells adhered firmly to one another and could be separated only with difficulty.
3. Animals unfed five to six days. Tendency toward agglutination was not definite and after two to three hours the granuloyctes clumped in small hemorrhagic clusters which adhered to the sides of the tube and sometimes one large cluster would fall to the bottom. -indicates negative attracti percentage of starved granulocytes moved within a given time and many more pseudopodia were continually extended, giving the cells an irregular shape, instead of the tendency toward rounding, as observed in the apparently well-fed granulocytes.
3. Animals unfed five to six days. No attraction to substances was noted since the granulocytes showed only slight motility. Only a few granulocytes left the clumped mass and moved a distance not exceeding 1 mm. after six hours of incubation.
No differences in behavior were noted between the agglutinated and nonagglutinated granulocytes.
C. Movement of Granulocytes toward Starch Grains
Starch grains were used as the attracting substance. The movement of nonagglutinated granulocytes after one hour of incubation was observed under the microscope equipped with a warm stage. The following results were obtained: Other granulocytes would then occupy the un- d) When the starch granules were removed from the preparation after the completion of the experiment and studied under high power, it was noted that small grooves were present on the originally smooth surfaces. Grooves were not apparent in similar preparations containing no granulocytes.
2 e) Granulocytes, on reaching the surface of the particular attracting substance, either remained there, spread out in a thin layer, or moved away. On the other hand, the granulocytes never spread out on the nonattracting particles, but always moved away. In nearly all instances granulocytes collected in large numbers inside the capillary tubes which contained attracting substances.
2. Animals unfed 36 hours. The results were essentially the same as with granulocytes obtained from well-fed animals except that the movements were more rapid (35 to 40 microns per minute), more pseudopodia were present and the granulocytes became massed around the attracting substances.
3. Animals unfed five to six days. The granulocytes showed no tendency toward motion, and after six hours only a small number of cells had left the clumped mass, and these had traveled only a distance of approximately 1 mm. Furthermore, the number of granulocytes was smaller than from well-fed and 36 hour unfed rats, and red cells were always found intermingled with the white cells.
DISCUSSION
The experiments described in this paper offer a clue to the results of Chambers and Grand (10) and the discrepancy presented by McCutcheon (7) in his review. Sheldon (11) .
That nutritional environment plays a role in immunity has been reported by Sprunt (12) who has shown that prolonged fasting may cause a tenfold increase in the normal antiviral resistance in rabbits. Richardson (13) Granulocytes from well-fed animals frequently move away after making contact with either glycogen or starch, which seem to be the preferred nutritional substances. A granulocyte from a fasting animal, however, adheres to glycogen or starch, spreads over the surface of these substances and, if the particles are small enough, completely ingests them. Kuna, Blattberg and Reiman (14) showed that leukocytes obtained from rats well-fed for four weeks prior to a 36 hour period of starvation, when compared with leukocytes from continuously well fed animals, showed twice the percentage of phagocytosing white blood cells which engulfed three times the number of bacteria.
Some investigators have shown an increase and others a decrease in the phagocytic index with a reduction of food intake. Mills and Cottingham (15) found a relationship between protein consumption and phagocytosis. Rats lost weight the first week on a deficient diet, but the blood phagocytes did not become less active until the second week, and the lowest level of phagocytosis was reached at the end of the fourth week. In rats fed a grossly deficient diet, Berry, Davis and Spies (16) measured a decrease in the phagocytic activity of neutrophiles as compared to that in animals on an adequate diet. Columbo (17) noted a moderate increase in complement accompanying malnutrition in children. The phagocytic titers were frequently elevated. Berry, Davis and Spies ( 18) noticed that in cases of all types of anemia an increase in neutrophilic activity was found and the magnitude of the effect was roughly proportional to the severity of the anemia. Berry, Leyendecker and Spies (19) also found increased phagocytic activity of neutrophiles in blood, measured in vitro, of patients with anemia, many of whom were malnourished. As stated by these authors, "Such an apparent increase in phagocytic activity in anemia was particularly surprising, since many of the persons whose blood was studied were malnourished." More recently, Gordon and Katsh (20) have shown that chronic starvation, induced in normal animals, resulted in a greatly increased uptake of thorium dioxide by the spleen.
Some of the contradictions in the literature may be explained by defining the conditions under which the experiments were performed. Activity of neutrophiles and phagocytosis decreases with undernourishment, i.e., elimination of one or more essential nutritional elements for an extended period of time. Phagocytosis and neutrophile activity are increased in an animal which had been maintained in a good nutritional state prior to a 36 hour starvation period. The term "subnutritional phagocytosis" has been suggested for this phenomenon (21) . However, if the starvation period of a previously well-nourished animal is extended to five or six days, the neutrophile activity decreases to almost nil with consequent decrease in phagocytosis possibly resulting in greater susceptibility to infection.
Further evidence can be presented to show that the action of granulocytes is subject to environmental conditions. It is possible that one of the AAA main factors concerning this attraction of granulocytes to bacteria is that bacteria are frequently coated with polysaccharides. A negative chemotaxis may result if bacteria coated with polysaccharides also produce toxins which are harmful to the granulocytes. However, when such toxins are neutralized by antibodies, the granulocytes are attracted to the bacteria (22) .
Preliminary work in this investigation on the attraction of granulocytes by acids has shown that a pH below 6.7 causes a negative attraction or death if the granulocyte cannot move away. Thus, it seems that granulocytes avoid a harmful environment and accumulate in areas containing preferred metabolic substances, such as glycogen. Lactic acid, which is detrimental to leukocytic activity, repels and, conversely, glycogen, which is a probable nutrient for granulocytes, exhibits positive attraction.
The mechanisms involved in granulocytic migration are varied. If the starch granule (too large to be phagocytosed) was used as the attracting substance, it was found that attraction for granulocytes occurred 0.1 to 0.2 mm. from the surface of insoluble starch. However, soluble starch showed an area of attraction ranging from 0.5 to 0.7 mm. This suggests that a concentration gradient may be a factor in attracting granulocytes toward starch. It is only within the zone of a concentration gradient that granulocytes move toward the starch grain. Elsewhere the movement is random. Granulocytes from well-fed animals did not always show the attraction for starch grains even within the concentration gradient zone. Some moved at right angles to the substance and some even moved away from the substance.
Granulocytes from unfed animals showed a de- tangentially to the agglutinated mass, the granulocytes will collect on the sides of the capillary because their motion has been impeded by this obstruction. It seems that the true indication of attraction may not only be the contact of the substance by the granulocytes, but also the adherence and the spreading of the granulocytes over the substance.
It is evident that agglutination of granulocytes varies with the nutritional state of the animals from which the granulocytes were obtained. Thus granulocytes from well-fed animals started to adhere to the walls of the tube, but, since they were not sticky, fell to the bottom. From animals unfed for 36 hours, the granulocytes were "sticky" and formed complete cone-shaped masses in the center of the liquid. No adhesion to the sides of the tube was noted. From animals unfed for five to six days, the agglutination was less evident, but individual masses of granulocytes intermixed with erythrocytes adhered to the sides of the tube. The clumped mass from the 36 hour-unfed animals was the hardest to separate into smaller pieces. It seems probable that moderate starvation rendered the granulocytes sticky so that they adhered very easily to nutritive substance. This may account for the accumulation around an attracting substance.
Glycogen seems to be the most likely substance for the attraction of granulocytes. Irritations which produce a tissue breakdown liberate, among other things, glycogen. The insertion of a piece of sterile steel subcutaneously could liberate glycogen from broken cells and thus promote attraction for granulocytes almost immediately. Since only very small quantities of glycogen are required for attraction, it is possible that exudates from inflammations do contain glycogen and that glycogen may be the active principle and not necessarily a polypeptide, as postulated by Menkin (23 
